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SUMMARY 


A systematic water tunnel study was made to determine the vortex breakdown 
characteristics of 43 strakes, more than half of which were generated from a 
new analytical strake design method. The strakes were mounted on a 1/2-scale 
model of a Langley Research Center general research fighter fuselage model with 
a 44° leading-edge--sweep trapezoidal wing. 

This study develops, in conjunction with a common wing-body, a parametric 
set of strake data for use in establishing and verifying a new strake design 
procedure. To develop this parametric data base, several series of isolated 
strakes were designed on the basis of a simplified approach which relates pre- 
scribed suction and pressure distributions in a simplified flow field to plan- 
form shapes . 

The resulting planform shapes provided examples of the effects of the pri- 
mary design parameters of size, span, and slenderness on the vortex breakdown 
characteristics. These effects are analyzed in relation to the respective 
strake leading-edge suction distributions. Included are examples of the 
effects of detailed strake planform shaping for strakes with the same general 
size and slenderness. It was concluded that, consistent with the design cri- 
terion, those with leading-edge suction distributions which increase more 
rapidly near, and have a higher value at, the spanwise tip of the strake pro- 
duce a more stable vortex. 


INTRODUCTION 

During the development of the F-16 (fig- 1) and F/A-18 lightweight 
fighters, certain strake-wing combinations were found to be of interest because 
of the following features: (1) the ability to generate large amounts of lift 

during transonic-maneuver conditions, and (2) the achievement of this benefit 
with low gust response, relatively low structural weight, and negligible impact 
on cruise aerodynamics. The first feature results from the benefit of 
separation-induced vortex flow on the strake as well as the development of a 
favorable interference effect on the wing through the interaction of the strake 
vortex with the wing flow field. The second group of features is associated 
with the low aspect ratio and relatively small size of the strake. The need 
for a strake or other flow controlling device on wings in the sweep range of 
these aircraft is well known (ref. 1) and is illustrated by a typical separated 
flow field over a wing-body at an angle of attack of 20^, which is shown in 
figure 2. 

V^ile these lightweight fighters were being developed, few, if any, theo- 
retical or empirical procedures were available to assist in designing strakes 
that provided both high maneuver lift potential and satisfactory stability 



characteristics. This situation is illustrated by the fact that over 100 strake 
configurations were wind-tunnel tested by each company before final selections 
were made. 

One of the limitations encountered in strake performance during maneuver 
is associated with vortex breakdown. Recently, a simple analytical method has 
been developed which appears to offer some guidance for this aspect of the 
design problem. A description of this method and an initial application to 
strake design is reported in reference 2; for completeness, the development of 
the method is repeated in appendix A. To more completely evaluate this method, 
an extensive design and evaluation study was undertaken and is reported in this 
paper. 

There are other conditions associated with aircraft stability and asym- 
metric flow which can have profound effects on the capability of an aircraft to 
completely utilize the generated strake maneuver lift. The present study, how- 
ever, is limited to symmetric flow and uncambered lifting surfaces. 

To keep the project manageable, a simple economical way was sought to 
select a limited series of strakes from a large number of possible designs for 
further detailed wind-tunnel studies. This series was selected on the assump- 
tion that those strakes which attained high angles of attack before vortex 
breakdown at the wing trailing edge would offer good performance in the wind 
tunnel. The most convenient way appeared to be the use of a water tunnel to 
study the change in vortex breakdown patterns with angle of attack for both 
strakes and wings. 

A large systematic series of strakes was designed by the method of refer- 
ence 2 to provide both stable and unstable vortex systems through use of a wide 
range of overall geometric considerations . Because of their mutual interest, 
the Northrop Corporation/Aircraft Division agreed to support these tests by 
building a 1/2-scale model of a general research fighter wing-body, building 43 
of the designed strakes, and providing the water-tunnel facility and operating 
personnel to assist the authors during the test. 

Use of trade names or names of manufacturers in this report does not con- 
stitute an official endorsement of such products or manufacturers, either 
expressed or implied, by the National Aeronautics and Space Administration. 

This paper reviews the design procedure of reference 2 and presents the 
results of the water tunnel studies . 


SYMBOLS AND ABBREVIATIONS 

Dimensional quantities are given in both SI Units and U.S. Customary Units. 
Measurements and calculations were made in U.S. Customary Units. 

AD analytically designed 

a]_ constant 


2 



constant 




breakdown 


span, cm (in.) 


constant 


constant 




C constant ACp specification 

Cl lift coefficient, Lift^q^oS^^^ 

Cp local pressure coefficient 

Ac (6,r)) lifting pressure coefficient at 6 ,t 


constant 


constant 


total leading-edge suction coefficient. 


Suction 


total leading-edge thrust coefficient, * edge thrust 

qooS^ef 

twice total side-edge suction- force coefficient of one wing panel, 

2 (Sid e force along side edge on one wing panel) 

q S ^ 

^oo ref 

local chord, cm (in.) 

mean aerodynamic chord, 11.66 cm (4.59 in.) 
root chord along side of fuselage, cm (in.) 

= Local suction force/q^, cm (in.) 
tip chord of strake , cm (in.) 


Local side force 


, cm (in.) 


empirically designed 

distance along strake contour, cm (in.) 
total contour length of strake, cm (in.) 


side-edge force, N (lb) 
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g 

h 

Kv 

LE 

£ 

M 

N 

P 

q^(n) 
qj (n) 




R.F, 


R 


s 


r 


S 

Sref 


s 


s 


T 

U 


ratio of change in strake area to change in 
ratio of change in to change in ^O^bd-TE 

leading-edge vortex lift factor 
leading edge 

exposed longitudinal length of strake^ cm (in.) 

Mach number 

number of chordwise control points 
polynomial or 3-D ACp specification 

coefficient of cot (0/2) lifting pressure function, N/m (Ib/ft) 

coefficient of sin(j0) lifting pressure function, where j = 1 
to N - 1, N/m (Ib/ft) 

2 

free-stream dynamic pressure, N/m (Ib/ft ) 

ratio of exposed strake area to wing reference area, 

exposed semispan ratio, s exp 

= (<=r)w/(<=r)ws 
related flow 

slenderness ratio of exposed strake, V(b/2)^^ 
radius of curvature, cm (in.) 
leading-edge suction force, N (lb) 
wing reference area, m (in*^) 
exposed strake area, m (in^) 

= 

a2 (b/2) g 

d(Cs/2) ^ref 

a2(b/2)^ 

leading-edge thrust force, N (lb) 
free-stream velocity, m/sec (ft/sec) 
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VLM vortex lattice method 

X longitudinal distance from wing trailing-edge root chord to vortex 

breakdown, cm (in.) 

X* distance aft of local leading edge, cm (in.) 

x/(Cr)^ nondimensionalized chordwise vortex breakdown position 
a angle of attack, deg 

3 = A - 

n spanwise coordinate of strake in fraction of exposed strake semispan 

n* n value where s versus rt changes slope (see table II) 

6 arc cos(l - 2(x*/c)), 0 at local leading edge; tt at local trailing 

edge 

A^(V]) ,A^(y) leading-edge sweep angle functions, deg 
constant trailing-edge sweep angle, deg 
3-D three-dimensional 

Subscripts : 

BD breakdown 

exp exposed 

1 lower surface 

max maximum 

s strake 

si local strake 

t value at the leading-edge tip 

TE trailing edge 

u upper surface 

w wing 

ws wing-strake 
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DISCUSSION OF STPAKE DESIGN PROCEDURE 


General Considerations 


Slender lifting surfaces have reasonably good vortex flow characteristics 
and reach large angles of attack and lift coefficients before breakdown occurs 
ahead of the trailing edge, as demonstrated by the highly swept delta wing 
(ref. 3). However, there is considerable evidence to suggest that for a given 
slenderness ratio Rg = V(t>/2)exp/ detailed shaping of the planform can pro- 
vide additional angle-of-attack capability. It is the piarpose of this section 
of the paper to outline the present approach to this design problem. 


The onset of vortex breakdown ahead of the trailing edge has been found to 
be directly related to the angle of attack at which CL^max is developed for 
many wings. As shown in sketch (a) for 
erally occurs in the vicinity of the 
trailing edge at angles of attack where 
the lift coefficients begin to depart 
from the vortex lift theory. This cor- 
relation is further documented in ref- 
erence 3 for other slender delta wings 
having > 70°. 


a 70° delta wing, vortex breakdown gen- 


Potential theory 

Potential + LE vortex lift 

O — Data (ref. 3) 


It is recognized, of course, that 
"isolated" strake characteristics do 
not necessarily define the relative 
effectiveness of a strake-wing combina- 
tion. Nevertheless, in order to make 
this initial design study more amenable 
to a theoretical approach, only iso- 
lated strakes were considered. It was 
assumed that if the vortex breakdown 
could be delayed on the isolated strake, 
then it might also be delayed for the 
strake-wing combination. Therefore, 
once a series of strakes has been 
designed and tested in combination with 
a wing, the experimental data can be 
analyzed with the aid of a strake-wing 
analysis theory, such as the VLM code 

(refs. 4 and 5) , to provide additional information which may be used for fur- 
ther refinement of the design process. 



Sketch (a) 


Strake Design Criterion 


This section describes one criterion used in an attempt to design better 
strake shapes . The criterion is based on an observation that those delta 
wings which develop leading-edge suction distributions in three-dimensional 
attached flow, which are more triangular, and which reach a higher peak near 
the tip, tend to maintain vortex stability to higher angles of attack. 
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Reference 6 first cited these characteris- 
tics, and sketch (b) shows the effect of 
increasing sweep on both suction peak 
and o^bd-TE- Similar effects were noted 
for cropped planforms in reference 7. 

The manner in which the criterion is 
to be used in detemnining these better 
strake shapes follows. 

Description of Method 
Other Assumptions 

If it is assumed that the preceding 
observations with regard to the possible 
relationships between the attached flow 
leading-edge suction distribution and 
vortex stability are valid and can be 
extended to strake-wing combinations , then 
it may be possible to use the breakdown criterion in a strake design method . 

The primary purpose of this study is to develop, in conjunction with a common 
wing-body, a parametric set of strake data which would be useful in estab- 
lishing and verifying a design procedure based on the suction distribution con- 
cept- To develop this parametric data base, several series of isolated strakes 
were designed on the basis of a simplified approach which provided an analytical 
method of defining planform shapes. This method (developed in ref. 2 and des- 
cribed in appendix A) relates planform shapes to prescribed suction distribu- 
tions in a simplified flow field that is related to three-dimensional (3-D) 
flow through certain ass-umptions listed in figure 3 and is called related flow 
(R.F.) . 



Sketch (b) 


Variables 

A FORTRAN coded version of the design method is used to generate strake 
planform geometries by solving an initial value problem, where the local 
leading-edge sweep angles are determined iteratively from equation (A2) . Itera- 
tions are made over the entire span until a root chord is determined which sat- 
isfies the tip chord specified value. (It was determined later that the solu- 
tion could be made from the tip inboard with no iteration.) The designer must 
prescribe a leading-edge suction distribution; a spanwise ACp distribution, 
which in essence specifies the kind of flow; a semispan a tip chord c^; 

a trailing-edge sweep angle and a subcritical Mach n\imber M. 

The design code can be executed using either a constant or a polynomial 
spanwise Ac^ distribution description, as discussed in a subsequent section. 
Each is specxfied to occur at either a constant x*/c or a constant Ax* from 
the leading edge. (The examples employed in this study use only a con- 
stant x*/c specification.) The leading-edge suction distribution can be 
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defined either by two linear segments or by a more generalized three-dimensional 
distribution. 

For this investigation the prescribed suction distributions were carefully 
selected to yield an appropriate range of three-dimensional flow possibilities. 
Although the method used does not accurately establish the actual three- 
dimensional suction distribution, it does provide a convenient method of estab- 
lishing strake shapes which form a parametric data base that is related, within 
the assumptions made, to the generating suction distributions. Comparisons are 
also made with the prescribed and three-dimensional suction distributions to 
check the validity of this method. 

It is interesting to note, as shown in figure 4, how the prescribed s-T| 
distribution in the related flow is reasonably well reproduced by s-X] for the 
strake -wing-body configuration in three-dimensional flow over the inboard 
region of the strake. Outboard on the strake, the wing upwash due to the 
strake-wing juncture leads to suction levels which exceed the prescribed level. 
However, the preceding discussion does tend to substantiate one of the assump- 
tions employed in this method. 

Prescribed s-r| distribution . - As previously described, the prescribed 
suction distribution has an effect on the resulting strake shape. For example, 
in reference 2 the s-T] distribution for the 76° delta wing in a three- 
dimensional flow, when used in the design procedure based on related flow, 
leads to a gothic shape (shown in fig. 4) . This difference in shape is not 
surprising when the consequences of the flow and loading assumptions are con- 
sidered (i.e., three dimensional as opposed to a constant ACp distribution). 
Wind-tunnel tests of the gothic strake in combination with a wing-body showed 
it to reach a high angle of attack before vortex breakdown occurred. 

The successful test, however, raised a question concerning this strake and 
the strake design criterion: Was the stable condition of the strake vortex up 

to high angles of attack due to the particular suction distribution chosen, and 
if so, was it the high inboard slope or the high tip suction peak that was more 
beneficial? The answer to this question is but one of several which are 
interrelated, tied up in the strake geometry, and addressed herein. In this 
study, the original suction distribution (sketch (c) ) 
was perturbed to gain an understanding of which span- 
wise region, inboard or outboard, is more important. 

In addition, other s-T] variations were prescribed 
including some that tended to violate the criterion 
set forth. In all, some 13 groups of suction dis- 
tributions were prescribed and are shown in the 
sketches (d) to (f) . Each sketch is followed by a 
brief description of the salient features of the 
group portrayed. (The heavy lines indicate selected 
strake design distributions.) 

In sketch (d) , the outboard part of the pre- 
scribed group 1 suction distribution is varied while 

the inboard part remains fixed. In group 2, the inboard part is varied while 



Sketch (c) 
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0 .65 10 1 

n n 

Sketch (d) 


the outboard part is held fixed. In group 3, the inner part is translated 
vertically, and the outer slope is varied to keep the suction continuous. In 
group 4 , the outer part is translated vertically, and the inner slope is varied 
to keep the suction distribution continuous- In group 5, the segment break- 
point is varied while holding the two extremal values and the slope of the 
initial distribution constant. 

Groups 6, 7, and 8 use simple vertical translations from an initial dis- 
tribution, as illustrated in sketch (e) . In group 6, a single segmented curve 



0 10 .65 1 
^ n 

Sketch (e) 
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is employed with positive slope. In group 1 , a two-segmented curve is used 
with both parts having a positive slope. In group 8, a two-segmented curve is 
utilized with the inboard and outboard parts having negative and positive 
slopes, respectively. In group 9, the slope of a single segment curve is 
varied while holding the inboard extremal value constant. Group 10 is similar 
to group 8, but the magnitudes of the slopes are decreased. As a limiting 
case, the lowest curve in group 10 is allowed to reach zero at the tip ri = 1. 

Sketch (f) shows the remaining suction groups that v/ere considered. In 
group 11, the outboard part is varied while fixing the inboard part with a 
negative slope. In group 12, the two extremal values are held constant, the 
outer being larger than the inner, while the path between the two points is 
varied. In group 13, the two extremal values are held equal at a constant 
value while the path of the curves between them is varied. 




Sketch (f) 



n 


specification .- The chordwise ACp distribution is assumed to behave 
in a cot (0/2) manner aft of the local leading edge. This assumption leaves 
only the spanwise variation for treatment. In reference 2, ACp is specified 
to be constant along constant values of x*/c near the leading edge. Even for 
the first application made using this variation of ^^p^ it was noted (ref. 2) 
that other ACv. forms near the leading edge could be used (sketch (g) ) ; a 


three-dimensional or polynomial 
form was specifically noted. The 
idea was that if a more represen- 
tative ACp variation was used, 
then the resulting strake shape 
would have more of the three- 
dimensional flow features in its 
solution and perhaps be a better 
strake. The first attempt to 
verify this idea employed the 
three-dimensional ACp distri- 
bution for a 76° delta wing near 
the leading edge which had the 
form 


Constant Polynomial 



n ^ 

Sketch (g) 


ACp = 0.20817^1 


1.01 
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and its corresponding s-T) distribution. This ACp form 
is called polynomial herein. Both the s-fj and ACp dis- 
tributions were obtained from the VLM (refs. 4 and 5). The 
resulting shape was close to that of the 76^ delta wing 
used as input to the VLM (sketch (h) ) and served to vali- 
date the idea. 

Both the constant and polynomial pressure distribu- 
tions were used to generate the strake shapes which are 
discussed in a siibsequent section of the paper. 

Chara^cteri stics of the Solution 

It would be advantageous to know why certain strake 
shapes are generated by the design procedure for certain 
s-ri and ACp distributions. In particular, the designer 
should have some feeling for the type of strake shape to 
expect from the procedure for those s-r| distributions 
which meet the design criterion stated in a previous sec- 
tion. Therefore, an analytical study of the basic strake design equation was 
performed to provide some understanding of the nature of the solution. Refer- 
ence 8 presents an analytical solution to the design equation for which a con- 
stant ACp distribution is assumed. Also included is an order-of -magnitude 
analysis of the solution which is useful in isolating the dominant terms. 

The order-of -magnitude analysis reveals that the leading-edge sweep angle 
tends to increase logarithmically in the spanwise direction for those s-r| dis- 
tributions which meet the design criterion. Therefore, in terms of the pre- 
ceding specifications, the designer can anticipate a gothic-shaped strake to 
result from the design procedure. 



STRAKE SHAPES STUDIED 
Basis for Selection 

From the method just described, over 200 strake shapes were analytically 
designed (AD) , and 24 of these were of sufficient interest or were unique 
enough to warrant testing. Of the 24 studied, 12 (AD 1 to AD 12) had reflexive 
leading edges, and 12 (AD 13 to AD 24) were gothic (shown in figs. 5(a) 
and 5 (b) ) . The ones selected for study were those which could help the 
designer answer questions relative to (1) the importance of the initial 
leading-edge sweep angle (values of 46.2^ to 83.8^ were chosen), (2) the effect 
of slenderness ratio Rg (values from 3.0 to 10.7 were selected), (3) the ratio 
of exposed strake area to wing reference area R^, and (4) the versatility and 
usability of the design code. Furthermore, 18 empirically designed strakes 
(ED), variations of the basic AD 24 strake, were tested (shown in fig. 5(c)). 
These strakes were studied to answer questions related to obtaining levels of 
perfoannance comparable with those of the large analytically designed strakes, 
but with a smaller chord. Some of the chord alterations were obtained by 
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scaling (ED 12 and ED 13) and some by adding trailing-edge area (ED 16 
to ED 18) ; others were obtained by cutting along the inboard edge (ED 9 
to ED 11) , the apex region (ED 1 to ED 4 ) , and the trailing-edge region (ED 5 
to ED 8) . Snags (ED 14 and ED 15) were even added to the smallest scaled 
strake (ED 13) to change its chord variation and perhaps its effectiveness. In 
this paper, the prescribed strake designations refer to their respective 
strake -wing configurations. 


Analytically Designed Str akes (AD S eries) 


Pertinent geometric properties for the analytically designed strakes pre- 
viously mentioned are listed in table I; the input design parameters are given 
in table II. 

The original gothic strake of reference 2 is designated the AD 24. 

Strakes AD 22 and AD 23 (shown in fig. 5(b)) are scaled down from the AD 24 to 
have the same value of as Strake I and Strake II of reference 9 , respec- 

tively. The remaining strakes were designed to have the same semispan as the 
midsized AD 23 strake with the exception of the AD 9 strake, which was designed 
to have a smaller semispan because of its excessive length. 


Empirically Designed Strakes (ED Series) 

Additional details of the aforementioned empirically designed strakes are 
given in the following subsections. Table III is used to summarize their 
pertinent geometric properties. 


Apex Cuts 

Strakes ED 1 to ED 4 (shown in fig. 5(c)) are formed by cutting the AD 24 
in the chordwise direction at regular intervals from the apex. The 60° initial 
sweep corresponds to Aj^(ri=0) of the AD 24. Strakes ED 2 and ED 4 have the 
same values of as the ED 12 and ED 13, respectively. 


Trailing-Edge Cuts 

Strakes ED 5 to ED 8 (shown in fig. 5(c)) are formed by cutting the AD 24 
parallel to, and at regular intervals from, the trailing edge. Strake ED 6 
has approximately the same value of R^ as the ED 12. 

Spanwise Cuts 

Strakes ED 9 and ED 11 (shown in fig. 5(c)) are foinned by cutting the 
AD 24 parallel to the inboard edge. Cuts were made at 15 percent, 30 percent, 
and 45 percent of the original semispan, respectively, from the inboard edge. 
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Chordwise Scaling 


Strakes ED 12 and ED 13 (shown in fig. 5(c)) were derived by scaling the 
AD 24 strake 70 percent and 30 percent, respectively, in the chordwise direc- 
tion while holding the semispan constant. Strake ED 12 has the same slender- 
ness ratio as Strake III of reference 9, which is shown in figure 6. 

Strake ED 13 is an extreme case of small slenderness and provides an additional 
data point for the dependency of vortex breakdown on chordwise scaling. 


Snagged Strakes 

It was anticipated that the ED 13 would exhibit poor vortex breakdown 
characteristics. In an attempt to improve the performance of a strake with 
small slenderness ratio, a snag was added to the ED 13. The snag was produced 
by altering the chord distribution over the inboard and outboard regions of the 
strake. Over the inboard region, the chord was reduced linearly from the root 
to the snag location. Over the outboard region, the chord was increased 
linearly from the tip to the snag location. 

The idea was to use the snag to increase the local leading-edge sweep 
across the span and thereby enable the strake to generate a stronger vortex. 
However, it was anticipated that the counterrotating snag side-edge vortex 
could impede the improved strake vortex and be detrimental to the overall per- 
formance gains. 

Two snagged strakes (shown in fig. 5(c)) were tested. The snag on 
strake ED 14 has a spanwise position of 1/3 semispan and a length of 1/8 semi- 
span. The snag on strake ED 15 has a spanwise position of 2/3 semispan and a 
length of 1/4 semispan. 


Side-Edge Extension 

In another attempt to improve the ED 13 performance, a side-edge extension 
approximately the length of the strake was added, and this strake was desig- 
nated the ED 16. The side edge was progressively shortened, and the resulting 
series of strakes (shown in fig. 5(c)) are identified as ED 17 and ED 18. 


Strake III 

Strake III of reference 9 (shown in fig. 6) was selected for water-tunnel 
testing to provide additional data on the influence of geometric parameters, 
such as area, slenderness ratio, and shape, on the vortex breakdown phenomenon. 
For example, strakes ED 12, ED 2, and ED 6 were designed to have the same slen- 
derness ratio as Strake III so that comparisons could be made for different 
strake shapes having the same value of Rg . 
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BASIC WING-BODY DESCRIPTION 


The basic wing-body used was approximately a 1/2-scale model of the gen- 
eral research fighter model tested extensively in the Langley High-Speed 7- 
By 10-Foot Tunnel, A drawing of the water-tunnel configuration along with 
pertinent dimensions is given in figure 7. The 44^ swept wing has a reference 
aspect ratio, a taper ratio, and an area of 2.5, 0.2, and 0.0258 m^ (40 in^) , 
respectively. All the preceding features are based on the reference wing, 
which includes the area between the leading and trailing edges projected to the 
model center line. The wing was tested in both fore and aft positions 
depending on the length of the strake. 


TEST FACILITY AND PROCEDURE 

The test facility used was the Northrop 16- by 24-inch Diagnostic Water 
Tunnel (shown in fig. 8) . It features a closed return with both horizontal and 
downward-flow vertical test sections; the vertical test section was used in 
this study. Figure 8 shows a model mounted in this position. The test condi- 
tions were a velocity of approximately 0.15 m/sec (0.50 ft/sec) , a Reynolds 
number, based on c, of approximately 1.76 x 10*^, and angle-of-attack varia- 
tions from 0^ to 50^. Reference 1 has shown that for sharp-edge delta wings, 
the Reynolds number effects were not significant for values up to lx lO^, and 
therefore, the results reported in the present study should also be applicable 
up to this Reynolds number. Sideslip could also be varied but was set to zero 
for these results . 

The test procedure was to align the model so that at both high and low 
angles of attack it produced symmetrical strake vortex breakdown. Breakdown 
was determined by noting the behavior of the dye injected into the strake vor- 
tex core. When the dye trumpeted or exhibited reversal of direction, breakdown 
was said to have occurred. After symmetry was established, a was increased 
from 10° in 29 increments until breakdown occurred near the trailing edge; 
thereafter, it was increased in 1° increments. After strake vortex breakdown 
occurred ahead of the wing trailing edge, the increment in a was increased 
to 2°. At each 5° increment after 10°, photographs were taken in both plan 
view and side view (with one exception) to record the vortex patterns. With 
the help of scribed lines on the wing and strake surfaces, estimates were made 
of vortex breakdown position. The results of the photography and breakdown 
estimation are given in the next section. 


RESULTS AND ANALYSIS 
General Comments 


It must be kept in mind that the following analysis deals only with the 
vortex breakdown characteristics, whereas the actual aerodynamic performance 
can be determined only after wind-tunnel force tests have been performed. In 
figures 9 to 23, both the strake vortex breakdown data for each configuration 
and sample top and side view photographs at a == 20° are presented. The 
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results are organized according to (1) the various s-ri groups (figs. 9 to 16) 
and (2) those obtained through empirical variations of the original gothic 
strake of reference 2 (figs. 17 to 22). Table II lists the strake designations 
for the analytically designed shapes with their respective data figure numbers 
and a description of the corresponding prescribed suction distributions . 


Data F ormat a nd Performance Assessment 

The breakdown plots illustrate the progression of the nondimensional , 
chordwise strake vortex breakdown location with angle of attack a. 

Since the wing is the main lifting surface , the interaction of the strake 
vortex flow field with the wing pressure field is of primary interest. There- 
fore, the chordwise vortex breakdown position x is nondimensionalized 
by to make the results directly comparable over the wing. Vortex 

breakdown over the strake is not directly comparable between configurations, 
but its absolute location can be observed in relation to the generating strake 
shape shown at the right of the (b) part of figures 9 to 23- The line codes 
used to define the strake shapes in the planform sketches are the same as those 
used to connect the corresponding data points - 

The corresponding photographs on the facing pages, the (a) part of fig- 
ures 9 to 23, reveal the influence of the wing pressure field on the path of 
the vortex. The strake vortex core is visible as a long heavy line emanating 
from the strake apex. The wing vortices are generally visible outboard of the 
strake vortices. In several of the top view photographs, the wing vortices 
have been enhanced by a grease pencil to increase their visibility. Efforts to 
photograph the top view of the model perpendicularly were not always successful. 

Judgment of strake performance 
is based on (1) the angle of attack 
at which the strake vortex break- 
down crosses the wing trailing 
edge ^bd-TE' rate at which 

the breakdown progresses forward 
over the wing once breakdown has 
occurred, and/or (3) the efficiency 
of the strake area. As shown in 
sketch (i) , "Better strakes" are 
those which have the higher values 
of o^D-TE* 'fhis feature is impor- 
tant because the occurrence of 
vortex breakdown over the wing is 
realized as a subsequent loss in 
lift. Sketch (j) illustrates that 
once vortex breakdown crosses the 
wing trailing edge, a low rate of 
forward breakdown progression with 
increasing a is preferable. 

This low rate is desirable because 
a more gradual loss in wing lift 




"Better 

strakes" 


a 


Sketch (i) 
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promotes milder stall characteristics. 
Sketch (k) illustrates that if the 
design approach proposed can produce 
reductions in strake area while main- 
taining the same angle of attack for 
vortex breakdown, then a more effi- 
cient strake would result. 


Effect of Major Parameters 

Although the strake design prob- 
lem is one of many variables , the 
major geometric parameters are area, 
slenderness, semispan, and planform 
shaping. The effects of these vari- 
ables as well as their relationships 
to one another are illustrated in 
the following sections . 


X 


(C ) 
r w 




Sketch (j) 


Ar ea/ S emi span 

As pointed out previously, the 
design process used to develop the 
generic families of strakes con- 
sidered only the isolated strake. 

However, when these strakes are com- 
bined with the wing, the ability 
of the strake vortex to penetrate 
the wing flow field is, of course, 
a strong function of the size of 
the strake relative to the wing. 

Figure 24 presents the measured 
angle of attack corresponding to 
vortex breakdown at the wing trailing 
edge <^bd-TE ^ function of the 

ratio of exposed strake area to wing 
reference area for many gothic 

and reflexive strake-wing combinations. Three values of gothic-strake semispan 
are represented in figure 24(a) and are identified by the shaded bands for two 
sets and by the single point, AD 22, for the third. The effect of area 
on is seen to be an expected one of increasing with 

increasing Rg^. This figure establishes a further relationship for strakes of 
different semispan. In particular, the data for strakes with = 0.212 lie 

within a band which is above and has a higher slope than a similar band 
bounding the data for strakes with = 0.297. As the two bands indicate 
the effect of increasing Rj^ at a fixed value of Rg is to reduce cXbd-TE- 
This can be better understood when it is put in teimis of the change in slender- 
ness ratio; i.e., increasing for fixed Rg generally results in a less 




Sketch (k) 
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slender strake . This earlier vortex breakdown associated with reduced slender- 
ness is not surprising since such a trend has been well established for 
isolated planfontis by previous researchers (ref. 3) . 

Figure 24 (b) shows the otsD-TE versus data for the reflexive 

strakes at Rj^ = 0.212. Just as noted for the gothic strakes , the reflexive 
strakes show the powerful effect of area and the expected trend of increasing 
OgD-TE data tend to fall in a band and are therefore presented 

in that manner. 

The general trend of O^bd-TE area and slenderness changes has 

been illustrated in figure 24; detailed results of breakdown progression are 
presented in the next three sections. The first deals with area scaling, the 
second with slenderness variations, and the third with leading-edge shaping. 


Area/Leading-Edge Shaping 

Figures 16, 25, and 26 are used to examine the relationship between area 
and leading-edge shaping by assessing their impact on for a fixed 

shape, a variable shape, and a shape with Rg kept at a constant value. 

Shape fixed .- Figure 16 presents the vortex breakdown characteristics as 
well as the prescribed and three-dimensional suction distributions for 
the AD 24, AD 23, and AD 22 strakes, which are of fixed shape but scaled in 
size. Regarding breakdown, the vortex for a smaller strake must persist over 
a greater relative distance to the wing trailing edge and must penetrate 
through a stronger adverse wing pressure gradient relative to its vortex 
strength than that for a larger strake. Hence, it is anticipated that O^bd-TE 
will decrease as a strake is scaled down in area; this is confirmed by the 
data . 


Another interesting characteristic of these scaled strakes is the manner 
in which the breakdown data cross x/(c^)^ =1 at a = 32^. This charac- 
teristic is related to the identical but scaled shaping of the strake. It is 
expected that each of these strakes would have the same vortex breakdown 
characteristics if tested alone (without a wing-body) . Hence , even in the 
presence of a wing-body, the strakes behave somewhat as they would when tested 
alone, with the differences in breakdown progression being more related to the 
differences in ratio of strake chord to wing chord. This feature is further 
evidenced by noting that at a = 40^, the vortex breakdowns occur at approxi- 
mately from the apex of each respective strake. 

The leading-edge suction distributions s-ri for the strakes in the two 
assumed flow fields are shown by the insert in figure 16 (b) . The two-segmented 
trapezoidal curve is the prescribed distribution from which the strake was 
designed, whereas the other curve is the three-dimensional potential flow dis- 
tribution determined by applying an analysis method to the designed strake in 
the presence of the wing and body. An extended version of the VLM of 
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reference 5^ was used to calculate the better distributions for the complete 
configurations. These are more representative of the actual distributions 
developed on the strakes and are used as an aid in the analysis. 

These three sets of curves show that in addition to 0 ^bD~TE <iecreasing 
with the leading-edge suction values at the tip s^ also decrease with 

strake area. Furthentiore , the area under the s-ri curves - proportional 
to - decreases with strake area. Interestingly though, each three- 

dimensional suction distribution across the inboard spanwise region is in 
good agreement with its respective prescribed curve. 


The decrease in ^ with can be examined in another 

way if area efficiency is to be considered. Assume that with ~ ^BD-TE 

for the strake vortex is the same as for the wing leading-edge vortex break- 
down, which is approximately 8^. With the strake in place, o^bd-TE sig- 
nificantly increased. Hence, the improvement in associated with 

increasing R^ will be measured relative to a = 8^. With the preceding in 
mind, a parameter g is defined which relates the ratio of change in strake 
area to the change in Aag^-TE results. Explicitly, 


^^BD-TE 

TAo V 

\ BD-TEj;^ 24 


/ad 24 


%D-TE 


Aa-RH- 


Bd-te 


The larger strake was chosen as 
a basis because it performed 
well. If R^ is reduced, it is 
possible to determine whether 
Ao^bd-TE varies at the same or 
a different rate and thereby 
establish a most efficient size. 
Sketch (£) shows that Aa^B-TE 
not only changes at a rate dif- 
ferent than - if they were 

the same g would equal 1 - 
but changes at a much slower 
rate so as to yield g > 1. 

This feature points up that the 
largest changes in Aa^j^_ij^ 
occxir when the smallest strake 
is added to the unstraked wing. 
Hence, not only does Aag^-TE 
not decrease at the rate of R^ 
reduction, but it actually 
decreases more slowly. 



a 


Sketch (i^) 


^This version utilized the side-force calculation to extract the leading- 
edge suction as a means of alleviating a problem associated with the leading- 
edge thrust computations. 
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Assuming that the vortex strength is related to then the impact 

of on vortex strength may be determined by examining the impact of 

on Ky. (second curve in sketch (il) ) . The curve labeled h is defined similarly 
to g in that 

h = ^ (^a)AD 24 ^ ^ /^a\ 

24 24 

This curve shows that with R^ decreasing from the value associated with the 
AD 24 strake , the ratio first decreases at about the same rate, 

yielding h ^ 1, while for ^ 0.15, the ratio decreases more slowly, 

leading to h > 1, Hence, just as for largest changes in vortex 

strength occur with the addition of the smallest strake to the unstraked wing. 

Thus, taken together or separately, Aag^^rpg and - although R^ 

dependent - do not generally decrease at the same rate as R^^ for a fixed 
strake shape. Or conversely, once a strake vortex is established on a small 
strake, increasing R^ by a factor of 2 or 4 will not produce a corresponding 
increase in the vortex strength or in 

Efforts to find the most efficient strake area with which to develop a 
high value of must acknowledge a practical limit to the strake size. 

This limitation can be better understood when it is realized that larger areas 
generally mean more strake length, and that strake length is a physically con-- 
straining parameter which must be taken into account. If the strake contour 
and semispan change with variations in strake length, then naturally the slen- 
derness ratio will also vary. 

Figures 25 and 26 show what happens to for controlled values of 

slenderness ratio R^ , and for variations in the area and shape. 

Effect of shape .- Slenderness ratio effects on o^bd-TE shown in fig- 

ure 25 for strake shapes characterized by reflexive and gothic contours. All 
strakes have an exposed semispan ratio of 0,212. The data are faired and 

even though there is some scatter, for R^ > 5 the gothic shaped strakes reach 
larger angles of attack than the reflexive strakes before breakdown occurs at 
the wing trailing edge. 

Rs fixed.- Figure 26 shows the effect of strake geometry on the vortex 
breakdown position for a fixed value of R^. For very small Rg values 
(shown in fig. 26(a)), the gothic shape gives better vortex breakdown properties 
than the smallest apex-cut strake. Note further that the s^ value of the 
gothic strake ED 13 is higher than that for the ED 4 although its R^ value 
is smaller. 

It should be pointed out that O^bd-TE values of approximately 10^ or less 
are difficult to obtain accurately in the water tunnel because of the wing 
laminar flow separation and the subsequent displacement of the strake vortex 
occurring at these low values of a. 
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Figure 26(b) shows the effect of and shaping for two gothic shapes 

with a more moderate value of Rg. These strakes, ED 6 and ED 12, which were 
designed through different empirical means and thereby have shapes which differ, 
do emphasize the importance of R^ and s^ on This figure also 

shows that increases in one variable lead to increases in the others for cer- 
tain groups of strakes . This relationship was determined not to be true for 
all strake shapes; this matter is discussed further in appendix B for these 
strakes and others having Rg - 5.20, Slenderness and its coupling with 
leading-edge shaping are taken up next. 


Slenderness Variation/Leading-Edge Shaping 

Figures 20, 27, and 28 are used to examine the relationship between slen- 
derness variation and leading-edge shaping and now they impact CXbD-TE 
fixed, fixed, and as a function of initial strake sweep. 

Rb fixed .- In the design of fighter configurations, the strake span may 
be fixed because of other design constraints. With a fixed strake span, varia- 
tions in strake area required to generate the desired vortex lift result in 

variations in slenderness ratio. A parametric series illustrating this condi- 
tion is shown in figure 20, where the vortex breakdown data and corresponding 
s-Ti curves for three gothic strakes of varying area and slenderness ratio are 
displayed. Once again, o^bd-TE well as s^ and the area under the 

s-F| curves decrease with strake area. However, these decreases may not be 
attributed entirely to area effect, since R^ is also changing. 

To better demonstrate the Rg dependence, a performance comparison is 
made between the ED 13 and AD 22 strakes. Note how Otgo-ri-p; ^or the ED 13 

strake of figure 20 is less than that for the AD 22 strake shown in figure 16, 

although the ED 13 strake has a larger area. Similar results are also shown 
in the same two figures for the ED 12 and AD 23 strakes. Furthermore, a 3 j>, 
decreases at ^/(^r)w “ ^ three strakes of figure 20, whereas break- 

down at x^(cj^]^ = 1 for the AD 22, AD 23, and AD 24 strakes in figure 16 
occurs at the same value of a. Hence, slenderness ratio is shown to be an 
important parameter affecting strake performance - the higher value being better. 

Figures 27 and 28 show other aspects of the effects of Rg on 
related to fixed values of R^ and initial strake sweep angle, respectively. 

In these figures, and leading-edge shaping may also be variables. 

Ra fixed.- Figures 27(a) and 27(b) present the effects of Rg and 
shaping for strakes having R^ values of 0.166 (AD 23, ED 18) and 0.325 (AD 24, 
ED 16) , respectively. These figures show that the gothic strakes AD 23 
and AD 24 are obviously superior to the empirically designed strakes used for 
comparison. This serves to emphasize that the strake shape is an important 
parameter. 

The s-p insets in figures 27 (a) and 27 (b) show that the suction distri- 
butions reach higher values of s^ and are more triangular for the analyt- 
ically designed gothic strakes than the empirically designed ones. It would 
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be expected, therefore, from the original correlations (ref. 2) that the gothic 
strakes would promote vortex stability to higher angles of attack and that the 
larger gothic would be a better strake, as the water tunnel has shown and as 
has been noted in this paper. While the gothic strakes are clearly better per- 
formers than their empirically designed counterparts, the differences in s-Fi 
and (^bd-TE larger than might be expected because the ED 18 and ED 16 

strakes are gothic in the forward region followed by what should be a vortex- 
stabilizing side edge. 


If the more general method of presenting suction distribution is used, i.e 
the one that includes its distribution along the side edge (see appendix C) , 
then a different result emerges as seen from the s-e/e^ set of inserts. 


That is, for the s 


^(^s/^) ^ref 
de a2(b/2)g 


distribution determined for the empir- 


r 


ically designed strakes, both sets reach higher values at the strake-wing 
juncture and are often higher nearer the apex than the analytically designed 
strakes. Furthermore, even though the addition of the side edge is designed 
to strengthen the vortex, and perhaps alter the potential flow suction, the 
suction distributions i versus e/e^ for the two empirically designed strakes 
appear to be about the same. This result is in marked contrast to the vortex 
breakdown results, which show that the ED 16 strake (the longer one) has a 
value of o^bd-TE s-t>out 4^ higher than the ED 18 strake. Hence, the only 
reliable measure of vortex stability from potential flow suction force appears 
to be s-n and s^. 


Initial strake sweep effect .- Figure 28 addresses the relationship between 
initial strake sweep angle and the strake vortex breakdown performance of 
gothic strakes with the same semispan. An examination of the results shows 
that the data themselves provide little in the way of a consistent relationship 
beyond that already known: those strakes with higher values of Rg have 

higher values of C^bd-TE* Since all the strakes in figure 28 are analytically 
designed, are gothic in shape, and have the same value, it is reasonable 

to assume that there would be a discernible pattern of ^bd-TE associated with 
constant values of Rg. Such a pattern was inferred on the basis of the data 
points and is shown in the figure. The individual lines of the group are drawn 
according to their most likely location and are labeled "Possible Variation" 
lines. These lines provide a means of establishing a band around the possible 
(^BD-TE)max values. This band indicates that for this value of Rj^, the 
initial sweep of the strake should decrease with increasing Rg to achieve a 
value of near its maximum. 

Thus far, the major effects of area and slenderness coupled with the 
inherent leading-edge shape changes have been studied. On the basis of the 
preceding and in particular figure 27 (b) , one may ask if strakes can be designed 
to have an even higher value of and if so, can such a design be 

accomplished with less area. This question is addressed in the next section 
along with other aspects of leading-edge shaping. 
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Leading-Edge Shaping 


This section uses figures 29 and 30 to highlight the iinpact of leading- 
edge shaping on for both major and minor shape changes. 

Major changes .- Although much of the preceding discussion centered on 
the AD 24 strake, this section considers four different strake designs which 
realize comparable or better levels of performance than the AD 24 with about 
one-half to two-thirds its area. Their vortex breakdown characteristics and 
s-ri distributions are presented in figure 29. Each of these strakes has a 
value of OLbd-TE that satisfies 20*^ ^ ^BD-TE - 22^. As e^^ected, the trend 
of increasing O^bd-TE consistent with the increase in strake area. 

Although two of the accompanying prescribed s-r] distributions are not specif- 
ically triangular, all four have high inboard slopes and reach high levels of 
suction near the tip. Furthermore, the three-dimensional s-ri curves are very 
similar to one another, varying slightly in overall level and st value. It 
should be noted that even for the small 2^ variation in <^bd-TE between the 
four strakes, the increase in s^ is in agreement with the increase in <^bD-TE 
and R^. This consistent relationship can be seen more clearly by examining 
the s^ values in figure 29. Thus, s^ appears to be a useful feature in the 
design process. 

One may possibly reason that the relative performance gains between these 
four strakes are a result of significant increases in area and slenderness 
ratio, these features only being reflected in the s-r] distributions. Thus, 
whether the vortex breakdovm performance is sensitive to small perturbations 
in strake contour shaping has yet to be determined. If it is, then are the 
changes reflected in the s-T] distribution and, in particular, are they con- 
sistent with the design criterion described earlier? 

Minor changes .- In an attempt to answer these questions, a comparison is 
made in figure 30 which illustrates the effect of small contour changes. The 
vortex breakdown data and associated s-r) distributions are presented for 
strakes AD 14 and AD 23, which have the same values of Rs and Rt> but exhibit 
a small variation in contour. The angles of attack for vortex breakdown o^bd-TE 
for the two strakes differ by 2.5°, although Rg and are fixed and the 

areas differ by less than 4 percent. 

The variation in contour between the two strakes is the result of the 
differences in the prescribed suction distributions used in the design proced- 
ure; the triangular distribution of AD 14 is expected to result in a more 
stable vortex than that for the truncated distribution of AD 23. It will be 
noted that the three-dimensional suction distributions are consistent with the 
prescribed distributions in that the distribution for the AD 14 increases more 
rapidly near the tip and reaches a higher value than for the AD 23. The experi- 
mental breakdown results are also consistent in that strake AD 14 displayed a 
higher angle of attack for vortex breakdown. Hence, this figure demonstrates 
that the vortex breakdown performance of a strake can be improved by making 
small refinements to its shape which lead to a higher value of s-^. 
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other Factors Affecting asD-TE 


ACp Specification 

Strakes AD 19 and AD 9 in figure 31 demonstrate the effects of modeling 
the spanwise ACp distribution. The polynomial form of ACp for the AD 9 
results in a reduction of o^bd-TE adds stability to the vortex- system by 

lowering the rate of breakdown progression over the wing. By contrast, the 
constant ACp distribution leads to a higher than that of the poly- 

nomial form. It should be noted that the analytical strakes which perfoimied 
best have the constant ACp specification. 


Empirical Modifications 

This section uses figures 32 and 21 to examine the impact of major and 
minor empirical modifications of a strake on the characteristics. 

Major changes . - Figure 32(a) presents the vortex breakdown characteristics 
across the wing trailing edge for those strakes which are chordwise variations 
of the AD 24. The spanwise cut series, ED 9 to ED 11, yields an improvement 

in performance over the original AD 24, although the benefits are limited to 

small chord reductions. However, these small chord changes do lead to area 
reductions which are sizable (fig. 32(b)). Overall, the trailing-edge cut series 
shown, ED 5 to ED 7, offers a more favorable technique for reducing the chord 
of an existing gothic strake while maximizing the vortex breakdown angle at the 
wing trailing edge. 

Minor changes . - Figure 21 presents for the snagged strakes. 

These variations of the smallest chordwise scaled strake show that using a snag 
in the leading edge leads to a 2^ to 3^ improvement in Ahead of the 

trailing edge, the ED 15 shows only a slight improvement, whereas the ED 14 
shows a reduction in strake performance in comparison to the ED 13. This 

indicates that if a snag is to be added to a strake , the more outboard loca- 

tions are preferable . 


CONCLUDING REMARKS 

This paper has described a water-tunnel study of the vortex breakdown 
characteristics of 43 analytically and empirically designed vortex strakes 
tested in combination with a moderate-aspect-ratio trapezoidal wing-body. The 
analytic strake designs were based on a series of prescribed leading-edge suc- 
tion distributions used in combination with a simplified flow which is related 
to three-dimensional potential flow through certain simplifying assumptions . 
These prescribed suction distributions considered the general observation made 
in an earlier delta-wing study, in that a relationship was shown to exist 
between increasing suction toward the tip and improved vortex stability. This 
relationship was the design criterion, and the designed strakes employed here 
were hypothesized to exhibit a similar behavior. 
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A wide range of strake sizes and slenderness ratios were investigated, and 
this study presents an extensive data base which may be of assistance in the 
preliminary phase of maneuvering-aircraft strake design. The effects of the 
major design parameters, i.e., size, span, slenderness, and leading-edge 
shaping, on the vortex breakdown characteristics are documented and analyzed 
in relation to the leading-edge suction distributions. The ensuing analysis 
not only confirms that increasing area and slenderness are important ways to 
increase the vortex breakdown angle, but that with proper leading-edge gothic 
shaping it is possible to obtain the same, or an even higher breakdown angle 
using about one-half to two-thirds the area of a larger gothic strake. In 
addition, it was noted that, consistent with the design criterion, those 
strakes with leading-edge suction distributions which increase more rapidly 
near the tip to a higher value generally produce a more stable vortex. 

Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
May 22, 1980 
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APPENDIX A 


BASIC EQUATIONS USED IN STRAKE SHAPE DEVELOPMENT 
Starting with an attached-flow pressure distribution given by 


N-1 


Ac (6,n) 2q^^(n) 0 Y 2q. 

— £ = cot ^ + / ^ 


(n) 


j=i 


aqc^C 


sin j0 


the local-suction distribution is shown (ref. 10) to be 




+ tan^ 

2tt cos Ajj_(n) 


2qo(n) 




3 ' 


<l) 


This equation relates suction distribution to the coefficient of the ^^t^ 
term^ and from this relationship, the local leading-edge sweep angle , 

and the chord c can be expressed in terms of each other. Another equation in 
which and c appear together is the simple geometrical realtionship 


c = c.. 


pU _ 

- j J (tan A£(n) - tan A^^ dn 


However, to obtain a solution, some assumptions will be needed with regard to 
CgC ACp(0,n) 

and . For example , the correlation between suction distributions 

a 

which peak toward the tip and the resulting large values of ^go-TE could be 
used. This can be done by assuming that 


and 


c c 
s 


a" 


(«i ^ I 


s 





ai + b]_n 


The second assumption would be that since the planar strakes are designed 
to produce separated flow with reattachment - i.e., vortex flow - the associ- 
ated leading-edge pressures must conceptually, as well as in reality, exceed 
an unspecified local limiting value beginning at some small angle of attack. 
This means that for the attached-flow pressure distribution, the region of 
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interest is near the leading edge, i.e., where 9 and x*/c are small. 
Hence, one approximation is to set 


ACp(0,n) 2 q^(X]) 

— £- « cot 

a aq^c 



wxth the assumption that — = _E > E-) 

^ a a 2a \a / . , 

limit 


2 

If an additional assumption is made that across the span (see fig. 3) 


Ac (6,ri) 

— E — ^ = Constant = C^ 

a ^ 


at constant 6 or ^'/o, which means that the sectional lift contribution from 
the cot (6/2) term is constant, then 


2q^(n) 

^ Constant = Ct 

aq c ^ 


The preceding discussion implies that if the flow separates anywhere, it 
separates everywhere simultaneously. These assiomptions given previously and 
those summarized in figure 3 are used to go from a three-dimensional potential 
flow to a related flow, on a planar surface, in which the solution is to be 
made. This is done in order to determine the analytic relationship between the 
suction prescription and the resulting geometry. 


Putting all the assumptions together yields 

b + tan^ Aj,(r)) „ 

(ai + bin )2 = ■ 27r'cos A£(n) "^1 ^ 


where 


/_ - \b + tan^ Ao(n) I b 

(a + bri)— = — T — J-: ' c- - -:r j tan Ap (ti) 

^ '^ 2 27T cos A£(n) \ ^ 2 ‘'q L X, ' 


_ - ‘"1 
a = — - and b = — - 

r % ^ ^ 



^Other assumptions concerning ACp(0,r|)/a and 0 could be made. For 
example, ACp(6,r|)/a could take on a three-dimensional variation at 
constant 6 . 
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At X] = 0, the initial sweep of the strake can be determined by 


A^{T]=0) == sin 


. -1 


4 a- 2 


/M-*c ** + 4TT^i^b"c^ 
^ 


,1/2 


i27r^a^b^ 


2Tr2i2b2 


(Al) 


For ri > 0, A£(n) can be solved by iteration from the following initial 

value problem: 


(a t bn) (b/2) 27T 


± DTj) {D/Z) ^7T h C - . . - 

Cy. - J—Z . r ;; — = — I tan An (fj) - tan dfi (A2) 

sec2 A^Cn) + sin2 Aj^(r\) sec^ 2 J L ^ J 


This solution has been coded for the Control Data 6000 series digital computer 
and typically executes in less than 2 seconds for a single set of parameters. 
It should be noted that a has, in general, to satisfy the inequality 


a > -^ > 0 
- TTb - 


in order for A£(ri=0) to be determinable. (See eq. (Al) . ) 
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APPENDIX B 


ANOMALIES IN PELATING TO 

This appendix presents two specific anomalies of the ^bd-TE and its 

relationship with s^ as determined from an examination of the data* 

Figure 33 repeats vortex breakdown characteristics of the ED 6 and ED 12 
strakes shown in figure 26(b) and adds the corresponding data for the ED 2 
and Strake III configurations. It will be noted that the only geometric 
quantity the four strakes have in common is Rg, which is approximately 5.2. 
Comparison of the ED 2 and ED 12 data in figure 33 indicates that the ED 12 
gothic strake is a better performer with a smaller area, just as noted in the 
discussion of figure 26(a). However, unlike the strakes of figure 26(a), these 
two strakes do not demonstrate increasing s^ with but just the 

opposite. 

The first anomaly seems to point out that not only st is important but 
also the distribution. To eKplore this anomaly further, consider using as 

a weighted value of s-T|. Since the ED 2 strake is a part of the apex-cut 
family, a graph has been prepared (fig. 34) which shows K^, and s^ 

as a function of R^. These same parameters are also shown on a companion 
chart for the trailing-edge cut family because they demonstrated the usual 
relationship between OLbd^TE ®t* Th® difference between the two types 

is striking in that for the trailing-edge cut family all three parameters 
basically decrease with Rg^, whereas only and o^d-te decrease over much 

of the Rg range for the apex-cut series. This says that what happens at the 
tip is important, but if the leading-edge suction is low inboard and kept low 
because the inboard sweep is held constant, then the overall performance 
OgD-TE strake will be reduced. 

The second anomaly is noted by comparing the data of Strake III to those 
of the others; although it has one of the lowest values, Strake III has 

a relatively high value of and its cXbd-TE highest of the strakes 

tested. Further note that its area is not the largest of those tested either, 
though its semispan is. Apart from these geometrical distinctions the most 
obvious one is its leading-edge shape. Since many of the strakes tested were 
gothic or empirical deviations from a gothic, additional study is needed for 
strakes having shapes associated with Strake III because of its good perform- 
ance, efficient area usage, and the ^bd-TE versus s^ anomaly it possesses 
with respect to the gothic strakes. 
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SUCTION DISTRIBUTIONS 

The suction distributions that have been presented in past studies have 

CgC 

been of the form which is entirely adequate for strakes without 

a2 (b/2)g 

streamwise edges. However, for = 90^, the preceding suction parameter is 
no longer appropriate; the more general one might be used. To develop this 
more general parameter, it is necessary to examine the thrust force along the 
edge. For example, along the leading edge of the strake 
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dy dy de de 


or 

dCip 

dy de 

and 


a2(b/2)g 


c^c COS A^(y) 
a2 (b/2)g 
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APPENDIX C 


Note that from sketch (m) , j dCy <3oo®ref ^ 2^ *^®ref 



dT/2 


From sketch (n) it is deterained that 
dy E de cos A^(y) 

and 

dx = de sin A^Cy) 

Therefore, combining the preceding yields 


dCg dCiji 


de 


dy 


dx 


Thus, a more general form that is appli- 
cable for A^Cy) ^ 90° is just 



d(Cg/2) 


=ref 


d(c^/2) S^ef °y(b/2)3^ 


de a2(b/2)g dx a2(b/2)g a2(b/2)g 


This form is utilized in the inserts in figures 27 (a) and 27 (b) . 
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TMLE I.- PERTINENT GEOMETRIC PROPERTIES OF ANALYTICALLY 

DESIGNED STRAKES 


Strake 

designation 

1 
2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 


> 

li 

o 


deg 

s 

76-76 

1 4.92 

83.55 

6.51 

77.14 

5.33 

83.75 

7.04 

72.06 

3.94 

71.29 

3.55 

69.01 

4-99 

80.70 

5,76 

75.10 

10.65 

79.41 

5,91 

73.29 

3.56 

73.43 

3.01 

77.19 

8.69 

46.18 

6.99 

63.65 

5.92 

65.52 

5.29 

70.78 

7.77 

74.54 

4.98 

56.80 

8.50 

66.14 

5,07 

69-97 

4.65 

60.65 

7.00 

60 . 65 

7.00 

60.65 

7.00 



Ra 

0.212 

0.100 

.212 

.100 

,212 

.110 

.212 

.112 

.212 

.079 

.212 

.070 

.212 

.126 

.212 

.108 

.197 

.183 

.212 

.112 

.212 

.066 

.212 

.038 

.212 

,199 

.212 

.172 

.212 

.140 

.212 

-123 

.212 

.185 

.212 

.103 

.212 

.205 

.212 

.127 

.212 

.092 

.144 

.077 

.212 

.166 

.297 

.325 


TABLE II. “ BASIC DATA PRESENTATION AND PERTINENT SUCTION AND 


PRESSURE CHARACTERISTICS 


Basic data 




Suction distribution 

prescriptions 



ssure 
f ication 

Fig. 

Strake 

desig- 

nation 

s-n 

group 

Initial 
value , 

^1 

Initial 

slope, 

^1 

Suction 

break, 

n*/ 

fraction 
of b/2 

Outboard 

slope 

Tip 
value , 

Fig. 

Pre 

speci 

9 

AD 1 

8 

12 

-15 

0.65 

48 

19.05 

5(a) 

Constant 

9 

AD. 2 

8 

12 

-15 

.65 

48 

19.05 

5(a) 

Polynomial 

9 

AD 3 

8 

14 

-15 

.65 

48 

21.05 

5(a) 

Constant 

9 

AD 4 

8 

14 

-15 

.65 

48 

21.05 

5(a) 

Polynomial 

10 

AD 5 

10 

5 

-5 

.65 

23.6 

10 

5(a) 

Constant 

10 

AD 6 

10 

4 

-5 

.65 

23.6 

9 

5(a) 


i 

11 

AD 7 

11 

5 

-5 

.65 

166 

60 

5(a) 


T 

11 

AD 8 

11 

5 

-5 

.65 

166 

60 

5(a) 

Polynomial 

12 

AD 9 

12 

4 

101 

.65 

-51 

52 

5(a) 


i 

12 

AD 10 

12 

4 

0 

.65 

137 

52 

5(a) 


T 

13 

AD 11 

13 

5 

-8 

.50 

8 

5 

5(a) 

Constant 

10 

AD 12 

10 

4 

-5 

.65 

-2.1 

0.0 

5(a) 



14 

AD 13 

3 

25 

48 

.65 

-12 

52 

5(b) 



14 

AD 14 

3 

2 

48 

.65 

53.7 

52 

5(b) 



15 

AD 15 

5 

4 

20 

.90 

380 

60 

5(b) 



15 

AD 16 

4 

4 

9.23 

.65 

48 

26.8 

5(b) 



15 

AD 17 

6 

10 

48 

1.00 


58 

5(b) 



10 

AD 18 

10 

9 

-5 

.65 

23.6 

14 

5(b) 



12 

AD 19 

12 

4 

101 

.65 

-51 

52 

5(b) 



12 

AD 20 

12 

4 

0 

.65 

137 

52 

5(b) 



13 

AD 21 

13 

5 

6 

.50 

-6 

5 

5(b) 



16 

AD 22 

1 

4 

48 

.65 

0 

35.2 

5(b) 



16 

AD 23 

1 

4 

48 

.65 

0 

35.2 

5(b) 



16 

AD 24 

1 

4 

48 

.65 

0 

35.2 

5(b) 
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TABLE III 


PERTINENT GEOMETRIC 


Strake 

designation 

Aji(n=o) , 

deg 


Rb 

AD 24 

60.65 

7.00 

0.297 

ED 1 

60.00 

6.10 

0.297 

ED 2 

60.00 

5.19 

.297 

ED 3 

60.00 

3.98 

.297 

ED 4 

60.00 

2.77 

.297 

ED 5 

60.65 

5.83 

0.262 

ED 6 

60.65 

5.22 

.226 

ED 7 

60.65 

4.53 

.181 

ED 8 

60.65 

3.65 

.119 

ED 9 

73.32 

7.79 

0.253 

ED 10 

77.57 

8.62 

.208 

ED 11 

80.12 

9.59 

.163 

ED 12 

56.89 

5.18 

0.297 

ED 13 

50.42 

2.78 

.297 

ED 14 

50.42 

2.78 

0.297 

ED 15 

50.42 

2.78 

.297 

ED 16 

50.42 

5.63 

0.297 

ED 17 

50.42 

4.64 

.297 

ED 18 

50.42 

3.63 

.297 

Strake III 
(ref. 9) 

80.35 

5.18 

0.353 


^Analytically designed strake from whic 
^Not an empirical variation of the AD 2 


OF EMPIRICALLY DESIGNED STPAKES 



Ra 

Chord 

modification 


0.325 

(a) 


0.305 

.266 

.195 

.114 

Removal of apex 
region 


0.188 

.124 

.065 

.021 

Removal of trai ling- 
edge region 


0.259 

.192 

.131 

Removal of inboard 
edge region 


0.227 

.098 

Chordwise scaling 


0.078 

.076 

Chordwise extension 
(snag) on ED 13 
strake 


0.325 

.246 

.166 

Addition of side- 
edge/ trailing- 
edge area to 
ED 13 strake 


0.267 

(b) 


empirical variations are made 
strake . 




Figure 1.- Photograph of vortex flow generated by highly swept maneuver 
strokes on the General Dynamics YF-16 lightweight fighter, from 
Aviation Week and Space Technology, June 16, 1975, p. 23. (Copyright 
Aviation Week and Space Technology, reprinted with permission.) 
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L-80-149 


Figure 2.- Water-tunnel flow-field visualization 
of 44^ leading-edge-sweep trapezoidal wing in 
forward position. a = 20^. 
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Figure 3.- Features of isolated strake design process. 



















ED 16 to ED 18 TRAILING AREA 














* SUBSEQUENfT MEASUREME^^■S REVEALf D THAT THESE 
DIMENSIONS ARE AQUALLY 0.159 cm (0.063 in.) 
LARGER THAN SHOWN. HOWEVER, FOR CONSISTENCY 
WITH EARLIER REPORTING, THE INDICATED DIMENSIONS 
ARE USED I NTH IS REPORT. 


3.81* ^ 

(1.50)“^ 



Figure 7.- Drawing of water-tunnel wing-fuselage model with wing in forward position. Aft wing 
position is 2.21 cm (0.87 in.) rearward. Dimensions are in cm (in.) unless otherwise noted. 




















L-80-153 


(a) Strake and wing vortex patterns at a = 20°, 

Figure 11.- Water-tunnel photographs and strake vortex breakdown 
characteristics for strakes analytically designed, group 11. 





L-80-154 

(a) Strake and wing vortex patterns at a = 20°. 


Figure 12.- Water-tunnel photographs and strake vortex breakdown 
characteristics for strakes analytically designed, group 12. 




L-80-155 

(a) Strake and wing vortex patterns at a = 20°. 

Figure 13.- Water-tunnel photographs and strake vortex breakdown 
characteristics for strakes analytically designed, group 13. 



L-80-156 

(a) Strake and wing vortex patterns at a = 20^. 

Figure 14.- Water-tunnel photographs and strake vortex breakdown 
characteristics for strakes analytically designed, group 3. 
















ED « 



ED 10 ED 11 

L-80-161 

(a) Strake and wing vortex patterns at a = 20^. 


Figure 19.- Water-tunnel photographs and strake vortex breakdown 
characteristics of spanwise cut strakes. 







L-80-162 

(a) Strake and wing vortex patterns at a = 20^. 


Figure 20.- Water-tunnel photographs and strake vortex breakdown 
characteristics of chordwise scaled strakes. 









L-80-164 

(a) Strake and wing vortex patterns at a = 20°, 


Figure 22 Water-tunnel photographs and strake vortex breakdown 
characteristics for side-edge strakes. 





















0.166. 


(a) Ra = 

Figure 27.- Effect of strake geometry on vortex breakdovm and suction 

for fixed area. 





Aj^(n = 0), deg 


Figure 28.- Effect of on o^bd-TE versus A^(r]=0) for gothic strakes. = 0.212. 
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(a) Variation in chord. 

Figure 32.- Suinxnary of trailing-edge breakdown angle for the various chord 

modification techniques. 
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